The capacity of ketone bodies to replace glucose in support of neuronal function is unresolved. Here, we determined the contributions of glucose and ketone bodies to neocortical oxidative metabolism over a large range of brain activity in rats fasted 36 hours and infused intravenously with [2,4-13 C 2 ]-D-b-hydroxybutyrate (BHB). Three animal groups and conditions were studied: awake ex vivo, pentobarbital-induced isoelectricity ex vivo, and halothane-anesthetized in vivo, the latter data reanalyzed from a recent study. Rates of neuronal acetyl-CoA oxidation from ketone bodies (V acCoA-kbN ) and pyruvate (V pdhN ), and the glutamateglutamine cycle (V cyc ) were determined by metabolic modeling of 13 C label trapped in major brain amino acid pools. V acCoA-kbN increased gradually with increasing activity, as compared with the steeper change in tricarboxylic acid (TCA) cycle rate (V tcaN ), supporting a decreasing percentage of neuronal ketone oxidation: B100% (isoelectricity), 56% (halothane anesthesia), 36% (awake) with the BHB plasma levels achieved in our experiments (6 to 13 mM). In awake animals ketone oxidation reached saturation for blood levels 417 mM, accounting for 62% of neuronal substrate oxidation, the remainder (38%) provided by glucose. We conclude that ketone bodies present at sufficient concentration to saturate metabolism provides full support of basal (housekeeping) energy needs and up to approximately half of the activity-dependent oxidative needs of neurons.
INTRODUCTION
The adult mammalian brain shows a remarkably high utilization of glucose compared with other potential fuel substrates, such as lactate or ketone bodies. Brain consumption of alternate substrates is limited by transport from the blood, and factors which alter membrane transport alter the rate of consumption. Under fasting conditions, starvation, or diets high in fats, blood ketone body levels rise, increasing their cerebral rate of consumption. The extent to which ketone bodies can support the different aspects of brain function, once transport is no longer limiting, has not been clearly established. Ketone bodies are metabolized by neurons and astrocytes in vitro and in vivo, 1-3 and like glucose, neuronal (glutamatergic) oxidation dominates quantitatively in vivo, 3, 4 reflecting the relatively larger volume fraction of neurons compared with glial cells. Despite extensive study to ascertain the role of ketone bodies in neural function, basic unanswered questions persist about their involvement, and that of glucose, in the energy requirements associated with neurotransmission.
Previous studies from our laboratory using 13 C magnetic resonance spectroscopy (MRS) with [1-13 C]glucose reported a linear relationship between neuronal oxidation of glucose in the tricarboxylic acid (TCA) cycle and glutamate (Glu)-glutamine (Gln) cycling flux over a large range of brain activity, [5] [6] [7] which has been confirmed by several other groups (reviewed in 8, 9 ) . Both fluxes change proportionally (B1:1 in glucose units or B2:1 in TCA cycle units) as activity is altered. As most of the cortical Glu pool labeled from blood-borne 13 C-glucose is associated with glutamatergic neurons, the findings suggest that glucose metabolism may be integral to a process or step in supporting the energy requiring processes (e.g., ion pumping associated with depolarization, Glu supply or vesicular loading and release and glial uptake) associated with glutamatergic neurotransmission. 10 The consistently observed B2:1 relationship between DV tcaN and DV cyc suggests the existence of such a mechanism. However, in the majority of MRS studies that reported neuronal TCA and Glu/Gln cycle fluxes, blood glucose was the predominant to sole neuronal oxidative fuel of the brain, so the question of substrate specificity could not be addressed. Because ketone bodies are metabolized extensively by the brain, supplying acetyl carbon directly to mitochondria bypassing glycolysis and the malate-aspartate (Asp) shuttle, quantitative in vivo MRS measurements of the rates of the oxidized fuel substrates and Glu-Gln cycling under hyperketonemic conditions provide an opportunity to address this question and test potential mechanistic neuroenergetics models against the experimentally observed flux relationship.
In the present study we determined the rates of oxidation of glucose and ketone bodies and Glu-Gln cycle in 36-hour fasted rats receiving infusions of [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]-D-b-hydroxybutyrate (BHB) under awake conditions and during isoelectricity (verified by electrophysiology) induced by deep pentobarbital (PB) anesthesia. In addition, data were included from a third group of 36-hour fasted, 13 C-BHB-infused rats under halothane anesthesia (intermediate activity level) and studied in vivo. 4 The use of fasted and [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]BHB-infused rats, which provided a high fraction of total oxidation from a non-glucose fuel over a range of neural activity, allowed us to probe the substrate dependence of neuroenergetics associated with glutamatergic neurotransmission.
MATERIALS AND METHODS Animal Preparation and Experimental Groups
All experimental procedures were performed according to protocols approved by the Yale Animal Care and Use Committee and conform to Yale University and AVMA guidelines. The experiments were conducted using young adult (B180 to 210 g) male Sprague-Dawley rats, fasted for 36 hours, and studied at three different levels of brain activity.
Awake rats studied ex vivo. Sixteen unanesthetized rats ([2,4-13 C 2 ]BHB, n ¼ 16) received infusions of either [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]BHB (1.5 mol/L) for selected lengths of times (7, 15, 30, 60 , and 100 minutes; 3 to 4 rats per time point) or [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]acetate for 2 hours (n ¼ 4), followed by euthanasia. Separate groups of unanesthetized rats were infused with [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]BHB (3 mol/L, n ¼ 5; or 4.5 mol/L, n ¼ 5) for 7 minutes to assess plasma BHB concentration dependence on brain amino acid labeling or [2-13 C] acetate for B2 hours (isotopic steady state, n ¼ 4) for calculation of the V cyc /V tcaN ratio. For these animals, a tail vein cannula (23 G needle and PE-50 tubing) was placed under brief (1 to 2 minutes) isoflurane anesthesia for infusion of the 13 C-labeled substrates. The rats were allowed to fully recover for at least 45 minutes before [2,4-13 C 2 ]BHB or [2-13 C]acetate infusion. Rats were unrestrained and allowed to move freely in their cages throughout the infusion.
Halothane-anesthetized rats studied in vivo and ex vivo. The 13 C enrichment time course data for five 36-hours fasted and [2,4-13 C 2 ]BHBinfused halothane-anesthetized rats from a recent in vivo 1 H-[ 13 C]MRS study 4 were selected and reanalyzed. Briefly, rats were anesthetized and maintained under 1% to 1.5% halothane anesthesia while tracheotomized and ventilated (70% nitrous oxide/30% oxygen). The rats (n ¼ 5) were instrumented with intravenous femoral and arterial catheters for continuous infusion of [2,4-13 C 2 ]BHB (1.5 mol/L, B1.7 hours), blood sampling (pH, pCO 2 , pO 2 ), and pressure measurements, respectively. In vivo 1 H-[ 13 C] MRS was conducted at 9.4T (Bruker Avance, Billerica, MA, USA). Body core temperature was maintained near 37±11C using a recirculated-water heating pad. A separate group (n ¼ 6) of similarly prepared rats were infused with [2-13 C]acetate for B1.7 hours (isotopic steady state) and measured ex vivo for calculation of the V cyc /V tcaN ratio.
Pentobarbital anesthetized and isoelectric rats studied ex vivo. Four rats were administered high-dose PB sufficient to induce total suppression of cortical electrical activity (isoelectricity) followed by infusion of [2,4-13 C 2 ]BHB (1.5 mol/L) for 20 minutes and then euthanasia. The rats were anesthetized under isoflurane (1% to 2%), tracheotomized and mechanically ventilated with a mixture of 30% O 2 /70% N 2 O. Electrical recordings of neural activity (electrocorticogram) were measured from scalp leads and a single tungsten microelectrode inserted into the somatosensory cortex. Body core temperature was maintained near 37 ± 11C using a recirculated-water heating pad. Rats were instrumented with intravenous femoral and arterial catheters for infusion of [2,4-13 C 2 ]BHB, blood sampling (pH, pCO 2 , pO 2 ), and pressure measurements, respectively. After surgery, isoflurane was discontinued and anesthesia maintained with sodium PB (120 mg/kg, intraperitoneal, with supplements of 10 mg/kg every 20 minutes). The high dose of PB led to a decrease in mean arterial blood pressure to 50 to 70 mm Hg, although arterial blood gases (pCO 2 35 to 41 mm Hg, pO 2 4100 mm Hg, pH 7.39±0.04) remained within normal physiologic limits. No attempt was made to measure brain steady-state labeling from [2-13 C]acetate during PB-isoelectricity owing to the very low metabolic rate.
After 13 C-labeled substrate infusions, rats measured ex vivo (awake and PB-isoelectricity groups) were rapidly sedated and euthanized by focusedbeam microwave irradiation (10 kW, Model TMW 6402C, Muromachi Microwave Fixation System, Muromachi KiKai Co., Ltd., Tokyo, Japan), whereas rats measured in vivo (halothane anesthesia group) were euthanized by in situ freezing of the head/brain with liquid N 2 . Portions of parietal/temporal cortex were removed, frozen in liquid N 2 , and stored at À 801C for subsequent processing. Blood was sampled from the heart immediately after euthanasia (awake rats) or periodically from arterial blood (PB-isoelectric and halothane-anesthetized rats), centrifuged, and the plasma frozen in liquid N 2 and stored at À 801C for subsequent processing. 11 Infusions of 13 C-Labeled Substrates Solutions containing either [2,4-13 C 2 ]BHB (1.5 to 4.5 mol/L in deionized water, pH adjusted to 7.0, 99 atom%) or sodium [2-13 C]acetate (2.0 mol/L in deionized water, pH adjusted to 7.0, 99 atom%) (Cambridge Isotopes, Andover, MA, USA) were infused. Bolus-variable rate infusions were employed to achieve rapid and approximately constant increases in blood BHB or acetate concentrations and enrichments. [2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 2 ]BHB was infused in three steps (0 to 5 minutes, 0.60 mmol/minute per kg; 5 to 10 minutes, 0.30 mmol/minute per kg; thereafter, 0.12 mmol/minute per kg). [2-13 C] acetate was infused in four steps (0 to 15 seconds, 6.25 mmol/minute per kg; 15 seconds to 4 minutes, 0.875 mmol/minute per kg; 4 to 8 minutes, 0.50 mmol/minute per kg; thereafter, 0.25 mmol/minute per kg).
Preparation of Tissue Extracts and Blood Plasma
Frozen cortical tissue (150 to 200 mg) was ground with 0.1 M HCl/methanol (2:1 vol/wt) at low temperature using an ethanol/dry-ice bath followed by extraction with ice-cold ethanol. 11 [2-13 C] glycine was added during tissue extraction as an internal concentration reference. Supernatants were clarified by centrifugation, passed through Chelex-100 to remove paramagnetic metal ions, lyophilized, and resuspended in 600 mL of a phosphate-buffered (100 mM, pH 7) deuterium oxide solution containing 3-trimethylsilyl[2,2,3,3-D 4 ]-propionate (0.5 mM). Samples were loaded into 5 mm nuclear magnetic resonance (NMR) tubes for analysis.
Blood plasma was centrifuged through Nanosep filters (10-kDa) to remove macromolecules. The 13 C isotopic enrichment of plasma glucose and the concentration and 13 C enrichment of plasma acetate were determined from filtered (10-kDa) samples using 1 H NMR. 11 Nuclear Magnetic Resonance Spectroscopy 1 H NMR spectra of plasma and brain extracts were acquired on a Bruker AVANCE NMR spectrometer at 500.13 MHz (Bruker Instruments) under fully relaxed pulsing conditions. The 13 C enrichments of glucose-C1 (5.2 p.p.m.) and acetate-C2 (1.9 p.p.m.) in 1 H NMR spectra were calculated as the ratio of 13 C satellites to the total resonance intensity. 1 H-[ 13 C]NMR spectra of brain tissue extracts were acquired using a pulse sequence incorporating adiabatic pulses for 1 H and 13 C excitation. 12 Briefly, two subspectra are acquired, one in which the magnetization of 1 H atoms bound to 13 C by one-bond coupling is inverted in phase relative to 1 H atoms bound to 12 C atoms, and the other in which the 13 C inversion pulse is not applied; this spectrum reflects total ( 13 C þ 12 C) composition from which total concentration is determined. Subtraction of one spectrum from the other (difference spectrum) yields 1 H atoms bound only to 13 C. 13 C decoupling radiofrequency is applied to both during spectral acquisition to simplify the spectra and increase the signal-to-noise ratio. After measurement of total amino acid concentrations in the extracts by 1 H-[ 13 C]NMR, amino acids were separated using AG1-X8 anion exchange chromatography and samples re-measured to determine the fractional enrichments. The isotopic 13 C enrichments of Glu-C3,C4, g-aminobutyrate (GABA)-C2,C3,C4, Asp-C3, lactate (Lac)-C3, alanine -C3, [2,4-13 C 2 ]b-hydroxybutyrate (BHB)-C2,C4, and Gln-C3,C4 in the separated fractions were determined as the ratio of 13 Cbound 1 H to total 1 H( 12 C þ 13 C) for each carbon position.
Analysis of Plasma Glucose and Acetate
The concentration of glucose in plasma samples was determined by using a Beckman Glucose Analyzer II (Beckman Coulter Inc., Brea, CA, USA). The 13 C isotopic enrichment of plasma glucose and the concentration and 13 C enrichment of plasma acetate were determined from filtered (10-kDa) samples using 1 H NMR (500.13 MHz). 1 H-[ 13 C]NMR spectra of plasma samples were also obtained at the conclusion of [2-13 C]acetate infusions to assess potential 13 C labeling in glucose. 13 
Metabolic Modeling
The metabolic fluxes were determined by fitting the two-compartment metabolic model (neuron and astroglia) depicted in Figure 1 to the time courses of 13 C-enriched amino acids measured ex vivo or in vivo from timed or continuous infusions of [2,4-13 C 2 ]BHB, respectively. For the awake rat study (ex vivo) the fitted enrichment time courses (target data) included Glu-C4,C3 and Gln-C4 with blood glucose-C1 and blood plasma BHB-C2,C4 used as input data (driver). For the halothane-anesthetized rat study (in vivo), the fitted enrichment data included Glu-C4, Gln-C4, and (Glu þ Gln)-C3 (not resolved in vivo), with blood glucose-C1 and brain BHB-C4,C2 used as drivers. Plasma glucose labeling was assumed to be equally labeled at C1 and C6. The metabolic model includes the metabolism of the blood-borne infused 13 C-labeled substrates, as well as endogenous glucose, all of which contribute to the determined metabolic rates. Mass and isotope flows from [2,4-13 C 2 ]BHB into neuronal and glial Glu and Gln pools were written as coupled differential equations in the CWave software package 14 and run in MATLAB 7.0 (Mathworks, Natick, MA, USA). The equations were solved using a first/second-order Runge-Kutta algorithm and data were fitted using a Levenberg-Marquardt algorithm. The entire Gln pool was assigned to the glial compartment, whereas Glu was divided between neuronal (90%) and astroglial (10%) compartments. The iterated rates included neuronal BHB oxidation (V AcCoA-kbN ), pyruvate oxidation (V pdhN ), and a-ketoglutarate (a-KG)/Glu exchange (V x ), astrocytic TCA cycle flux (V tcaA ) and the ratio of BHB oxidation-to-TCA cycle flux,
. The mass and isotope balance equations used to assess ketone body metabolism are presented in Jiang et al. 4 To improve reliability of flux estimates, a fixed value of the ratio, V cyc /V tcaN , was used to constrain the model fits to the 13 C time courses. 6, 15 V cyc /V tcaN was calculated from the steady-state 13 C enrichments of brain Glu-and Gln-C4 after a prolonged (B2 hours) intravenous infusion of [2-13 C]acetate in separate groups of 36-hour fasted anesthetized (0.50 ± 0.22, n ¼ 6) and awake rats (0.49 ± 0.05, n ¼ 4). The neuronal Glu-C4 enrichment was calculated from the measured tissue enrichment and corrected by subtraction of the contributions arising from metabolism of blood plasma glucose and BHB labeling owing to systemic metabolism of [2-13 C]acetate as described in Jiang et al 4 and Supplementary Information. The enrichment of brain alanine-C3 was assumed to reflect brain pyruvate and its labeling from plasma glucose and plasma BHB-C4 13 C enrichment was used directly. The individual animal values were used as input in fitting the in vivo and ex vivo time courses, rather than their mean, to allow the intersubject variance in V cyc /V tcaN to be reflected in the fitted parameter estimates for each group.
For the condition of PB-induced isoelectricity, where a full time course was deemed impractical owing to the very slow rate of label turnover, the rate of ketone body oxidation was approximated by 13 C label trapped in the major amino acid pools as represented by Glu, GABA, Asp, and Gln over the 20 minutes of [2,4-13 C 2 ]BHB infusion according to:
where [Glu], [GABA], [Asp], and [Gln] are the total tissue concentrations, BHB 2 is the plasma 13 C fractional enrichment of BHB-C2, and Glu i , GABA i , Asp i , and Gln i are the brain tissue 13 C fractional enrichments at the specified carbon atom and Dt is the infusion time (20 minutes). The fractional enrichments of Glu 2 and Asp 2 (not measured) were assumed to equal Glu 3 and Asp 3 , respectively, and are accounted for in the terms, 2Glu 3 and 2Asp 3 . This is an expected outcome related to the symmetry of succinate and label scrambling at C2 and C3, which is the precursor of oxaloacetate C2 and C3 (Asp 2,3 ) and a-KG C2 and C3 (Glu 2,3 ) in the TCA cycle. In astrocytes the enrichment of Glu-C4 was assumed to be equal to Gln-C4. Tissue amino acid distributions between neurons and astrocytes were assigned respectively 6, 7 as Glu (90:10), GABA (100:0), Asp (90:10), and Gln (0:100). Note that the sum of the two equations will give the total BHB oxidation independent of the assumed distribution of metabolites. This method of rate approximation, which assumes linearity of the rate of total 13 C label accumulation in brain amino acids when measured over a sufficiently short time period, 16 will reflect a minimum rate owing to losses from 13 C-labeled metabolites diffusing away from the sampled tissue (e.g., 13 CO 2 ).
Statistical Analysis
Measured values are reported as mean±s.d. P-values were calculated using Student's t-test with Pr0.05 considered to be statistically significant. Standard error is reported for slopes and intercepts in the linear leastsquares fits. Monte-Carlo simulations were performed using CWave 14 to assess the distribution of uncertainties in the model parameters for the time course consisting of grouped data (awake condition) and for individual time courses of halothane-anesthetized animals determined in vivo.
RESULTS

Plasma BHB Levels and Enrichments During [2,4-13 C 2 ]BHB Infusion
The contribution of ketone bodies to cortical oxidation was determined for each animal group by infusing [2,4-13 C 2 ]BHB to a high and approximately constant level. Table 1 presents the averaged plasma levels and 13 C enrichments of BHB before and during intravenous infusion of [2,4-13 C 2 ]BHB for the awake (9.1±1.9 mM/57.5±9.0%), halothane (6.6±1.8 mM/56±12%) and PB-isoelectric (13.1±2.1 mM/78.2±7.0%) rat groups. Although the same BHB infusion rates, as adjusted for body weight, were used for animals in both groups, the plasma level and 13 C enrichment of BHB-C4 in the deeply anesthetized rats were B40% higher than in awake rats, presumably reflecting the lower rate of systemic BHB metabolism and clearance from blood.
Labeling of Cortical Amino Acids from [2,4-13 C 2 ]BHB in Awake and Anesthetized Rats After uptake into the brain from blood [2,4-13 C 2 ]BHB is metabolized in neuronal and astroglia mitochondria to two molecules of acetyl-CoA, which enter the TCA cycle labeling a-KG at C4 (first turn) followed by C3, C2, and carbonyls in subsequent TCA cycle turns ( Figure 1 ). Isotope 13 C/ 12 C exchange between mitochondriaderived a-KG and the large cytosolic Glu pool leads to enrichment Figure 1 . Schematic depiction of the major metabolic pathways of 13 C isotopic label flow from [2,4-13 C 2 ]BHB and the astroglial substrate, [2-13 C]acetate. The continuous rate of metabolism of unlabeled glucose in neurons and astrocytes through pyruvate dehydrogenase, as represented by the rates, V pdhN or V pdhA , respectively, serves as constant dilution fluxes in these compartments. The cerebral metabolic rate for ketone body utilization (CMR kb ) is related to the rate of acetyl-CoA oxidation from ketone bodies (V AcCoA-kb ) as (CMR kb )/2 ¼ V AcCoA-kb . Ketone bodies and acetate are transported through membranes from blood to brain by monocarboxylic acid transporter (MCT) proteins. Subscripts on metabolite abbreviations (e.g., Ac 2 , aKG 4 , Glu 4 , GABA 2 , Gln 4 ) refers to the initial (followed) carbon atom position labeled by 13 of Glu-C4 and other carbon positions. Because glucose, the other major substrate supporting the TCA cycle, is unlabeled, the rate of brain amino acid labeling reflects the combined (weighted) flows of the 13 C-labeled ketone bodies and unlabeled glucose through the TCA cycle. Previous studies have shown that [2,4-13 C 2 ]BHB is metabolized predominantly in neurons, reflecting their relatively larger brain volume fraction and TCA cycle rate compared with glial cells, resulting in a pattern of brain amino acid labeling similar to that produced by the oxidation [1-13 C]glucose. 3, 4 Figure 2 depicts representative 1 H-[ 13 C]NMR difference spectra of the cortex of rats infused with [2,4-13 C 2 ]BHB under different levels of neural activity. In awake animals ( Figure 2A ) infused with [2,4-13 C 2 ]BHB cortical 13 C labeling of Glu-C4,C3, Gln-C4,C3, GABA-C2,C3,C4, and Asp-C3 rose progressively with infusion time, with Glu and Gln-C4 attaining nearly constant enrichment by B60 minutes. In halothane-anesthetized rats ( Figure 2B ), the magnitude and pattern of 13 C labeling from [2,4-13 C 2 ]BHB was similar to that seen in awake animals, with extensive initial labeling of Glu-C4, followed by Glu-C3, Gln-C4, and Asp-C3. Figure 2C depicts a 1 H-[ 13 C]NMR difference spectrum for a typical PB-isoelectric rat infused with [2,4-13 C 2 ]BHB for 20 minutes. The 13 C labeling in Glu-C4,C3, and Gln-C4 appeared similar, at first view, to the other two groups, driven by the higher blood concentration and fractional enrichment of BHB levels in the PB-isoelectric rats. No significant differences (PZ0.2) were seen between awake and PB-isoelectric rats in cortical levels of Glu, Gln, GABA, Asp, alanine, or lactate ( Table 2) .
Rates of Cortical BHB and Glucose Oxidation
Individual results for 13 C enrichment in Glu and Gln at different time points after isotope loading are shown in Figure 3 . Metabolic rates of neuronal BHB and glucose oxidation and the Glu-Gln cycle were estimated for the awake rats by fitting a constrained two-compartment neuron-astrocyte metabolic model (Figure 1) to the time courses of Glu-C4,C3, and Gln-C4 13 C enrichment constructed from the cortical extract data. Table 3 summarizes the cortical metabolic rate estimates for the three different activity conditions. Figures 3A and B shows these time courses and the best-fits of the metabolic model to the data, along with Monte-Carlo error histograms of the fluxes ( Figure 3C ). Neuronal acetyl-CoA oxidation from BHB (V AcCoA-kbN ) accounted for 36% of neuronal TCA cycle flux (V tcaN ) in the awake state (V AcCoA-kbN , 0.40±0.05; V tcaN , 1.12±0.17 mmol/g per minute), the remaining 64% contributed by glucose (pyruvate). A sensitivity analysis was performed ( Figure 3D ) to assess the influence of the assumption of a fixed value for the pyruvate carboxylase flux (V PC ) on the calculated values of V AcCoA-kbN and V pdhN , finding In animals previously measured in vivo under halothane anesthesia, 4 we refitted the same model used in the analysis of the awake data to the time courses from this study finding that ketone body oxidation accounted for more than half (55%) of neuronal TCA cycle flux under anesthesia (V AcCoA-kbN , 0.37±0.08; V tcaN , 0.66±0.12 mmol/g per minute; Table 3 ).
Because glucose metabolism is substantially slowed under PBisoelectric conditions, 5, 17 rendering the time to attain an isotopic steady state impractical to achieve, the initial rates of ketone body oxidation in neurons and astrocytes were estimated from 13 C accumulated in the major amino acids during the 20-minute infusion (see Materials and Methods; Patel et al. 6 ) Using this approach V AcCoA-kbN and V AcCoA-kbA at isoelectricity were 0.23 ± 0.03 mmol/g/min and 0.04 ± 0.01 mmol/g/min, respectively. Because full time courses and/or steady-state enrichments were not measured, V tcaN could not be determined directly. To ensure that the initial rate estimate based on label trapping (PB-isoelectric condition) and model-derived estimates of V AcCoA-kbN gave similar values, justifying between-group comparisons, we also estimated V AcCoA-kbN for awake rats using equation (1) by summation of 13 C concentrations (in mmol/g) of detected carbon atoms of Glu, GABA, and Asp measured at 15 minutes, which provides a lower bound estimate of the true rate (e.g., see Lu et al 16 for a discussion of label trapping using brief 14 C-glucose infusion) and that derived by modeling of the full turnover curve. Using this approach, V AcCoA-kbN was 0.36 mmol/g per minute, slightly lower than the model-derived rate of 0.40 mmol/g per minute.
Relationship between Cortical Neuronal Oxidation of BHB and
Glucose with Brain Activity To more clearly depict the relations between the neuronal fluxes and cortical activity, ketone body and glucose oxidation of awake and PB-isoelectric rats (V AcCoA-kbN , V tcaN ) were plotted against the flux of the Glu-Gln cycle (V cyc ) along with the corresponding values for halothane-anesthetized rats reanalyzed from Jiang et al 4 (Figure 4 ). This plot shows that for the three activity conditions and specific BHB plasma levels used in our experiments (6 to 13 mM), ketone bodies supported a decreasing amount of total neuronal substrate oxidation (V tcaN ) with increasing neural activity. For ketone body oxidation, the three points fell along a relatively straight line (adjusted r 2 ¼ 0.94). This contrasts with the sharper increase (B5 Â ) in V tcaN and total neuronal oxidation over the same activity range. We then compared our results with those reported in rats infused with [1-13 C]glucose over the same activity range, as summarized for a number of previously published studies, 8 finding similar values of V tcaN at corresponding values of V cyc and for V cyc , substantiating that the fasting period and magnitude of hyperketonemia did not markedly alter neuronal V tcaN or its relationship with V cyc . Interestingly, the isoelectric values for V tcaN with glucose as sole substrate coincides with V AcCoA-kbN, suggesting that under this condition of hyperketonemia and negligible neural activity, brain levels of BHB were saturating for metabolism (despite their euglycemic state), providing virtually all of the oxidized substrate.
To assess whether BHB at the levels infused were far from or approaching saturation for metabolism at the higher activity levels, we determined the cortical amino acid enrichments in awake rats at two higher plasma BHB levels after brief (7 minutes) infusions of 13 C-labeled BHB. Figure 5A shows that cortical Glu-C4, GABA-C2, and Gln-C4 13 C percentage enrichments (normalized for plasma BHB enrichment) peaked at values 75% higher than those measured at the lower plasma BHB of 9.1 mM for [BHB] plasma 417 mM, whereas brain BHB levels rose linearly (r 2 ¼ 0.99) over the range of [BHB] plasma from 9 to 23 mM ( Figure 5B ). Thus, brain BHB oxidation, as reflected through 13 C trapping in the TCA cycle linked amino acids, had reached a maximum for [BHB] plasma 417 mM, whereas BHB transport had not. Using the value for V AcCoA-kbN (0.40 mmol/g per minute) at [BHB] plasma of 9.1 mM, and the 175% increase in brain amino acid 13 C enrichments at saturating levels of BHB ( Figures 5A and C) , we estimate that cortical neuronal acetyl-CoA oxidation of ketone bodies could account for no more than 0.40 mmol/g per minute Â 1.75 ¼ 0.70 mmol/g per minute ( Figure 5C ) in the awake rat, which is B62% of V tcaN . As BHB catabolism provides two molecules of acetyl-CoA, this rate is equivalent to a peak neuronal ketone body oxidation rate of 0.35 mmol/g per minute. Brain lactate levels were unchanged over the range of acutely elevated plasma BHB concentrations for the three groups plotted in Figure 5 (brain lactate (mM)/plasma BHB (mM): 2.9 ± 0.8/9.2 ± 0.9; 2.0 ± 0.4/17.1 ± 1.8; 1.9 ± 0.2/22.9 ± 1.1), and were similar to values measured in overnight-fasted rats infused acutely (8 minutes) with [1,6-13 C 2 ]glucose for a group of saline-injected controls from a previous study 11 (brain lactate (mM)/plasma BHB (mM): 2.7 ± 0.3/2.7 ± 0.5, n ¼ 6). 
DISCUSSION
In this study we investigated the contribution of ketone bodies and glucose to TCA cycle flux and their relationship to the rate of Glu-Gln cycling over a range of neural activity from isoelectricity to wakefulness. We find that neuronal oxidation in cortex can be supported fully by ketone bodies at isoelectricity, but as brain activity rises, ketones contributed a decreasing, but substantial percentage of TCA cycle flux (V tcaN ). When blood BHB levels were elevated sufficiently in awake rats to overcome transport rate limitations and saturate neuronal ketone body metabolism, we found that up to 62% of V tcaN could be supported by ketone bodies. The implications of neuronal ketone body oxidation for the interpretation of certain bioenergetics models of glutamatergic neurotransmission are discussed.
Evidence for Differing Roles of Glucose and Ketone Bodies in the Support of Neural Activity Although ketone bodies are readily oxidized in the brain, previous studies have shown that their uptake (unlike glucose) is not increased during neuronal activation. For example, acoustic stimulation in unanesthetized rats results in increased uptake of 14 C-labeled glucose but not 14 C-labeled BHB in auditory sensory regions. 18 During early postnatal development 14 C-BHB uptake remains relatively uniform throughout the brain, in contrast to 14 Cglucose uptake which is highly heterogeneous, and does not follow the postnatal age-dependent pattern of increased glucose utilization in sensory regions. [19] [20] [21] [22] [23] This is consistent with in vitro findings using adult brain slices, which show that ketone bodies alone do not support evoked neuronal firing. 24 Together, these observations suggest that ketone bodies do not support oxygen consumption associated with increased functional demand in the adult brain. Significantly, in cultured cerebellar neurons, which are mostly glutamatergic, TCA cycle activity and the release of Glu Figure 4 . Plots of neuronal BHB oxidation (V AcCoA-kbN ) and total TCA cycle rate (V tcaN ) against glutamate-glutamine cycle rate (V cyc ) of fasted and BHB-infused rats under different states of neural activity (pentobarbital (PB)-induced isoelectricity, B1% halothane, and awake conditions). For the PB-isoelectric group V AcCoA-kbN is at or near saturation (maximum), whereas halothane and awake rates reflect non-saturating brain levels of BHB. The gray square depicts the calculated value of V AcCoA-kbN in awake rats under saturating blood BHB levels (from Figure 5 ) and a linear extrapolation (gray line) between the awake and isoelectric average rates, and given by: V AcCoA-kbN ¼ 0.84*V cyc þ 0.23. For the halothane group, with V cyc ¼ 0.37 mmol/g per minute, the estimated value of V AcCoA-kbN for saturating blood BHB level would be B0.54 mmol/g per minute, which is B30% higher than experimentally determined at the blood BHB level of 6.6 mM. For comparison with the ketone body data, the best linear fit for [1-13 C]glucose-infused rats (small diamonds and dashed line with 95% confidence interval (CI)) from Rothman et al 8 is shown (V tcaN ¼ 1.80( ± 0.10)V cyc þ 0.19( ± 0.03), adjusted r 2 ¼ 0.97, n ¼ 12). The substantial degree of overlap in V tcaN between the two conditions suggests that hyperketonemia per se did not alter V tcaN or its relationship with neural activity and that ketone bodies can fully support basal (non-signaling) metabolism under the study conditions. Error bars reflect inter-animal group s.d. (isoelectricity, n ¼ 4; and halothane anesthesia, n ¼ 6) or Monte-Carlo s.d. of 1,000 simulations (awake rats, n ¼ 16). BHB, b-hydroxybutyrate; V AcCoA-kbN , rate of acetyl-CoA oxidation from ketone bodies in neurons; V cyc , rate of glutamate-glutamine neurotransmitter cycle; V tcaN , rate of TCA cycle in neurons. Relationship between brain (mmol/g) and plasma (mM) BHB concentration for the different groups plotted in (A) showing a near linear dependence with plasma concentration over the measured range of plasma BHB. The brain-to-plasma BHB ratio appears in parentheses above each group symbol with brain BHB concentration expressed as mmol/mL intracellular water assuming 0.77 mL/g ([BHB] brain in mmol/g Â 1/0.77 mL/g). (C) Calculated rates of neuronal acetyl-CoA oxidation from ketone bodies (V AcCoA-kbN ) at plasma (mM) BHB concentrations corresponding to the groups plotted in (A). V AcCoA-kbN for plasma BHB of 9.1 mM (0.40 mmol/ minute per g) was taken from Table 3 , whereas flux values for plasma BHB of 17 and 22 mM were calculated by multiplying the measured rate (0.40 mmol/min per g) by the respective percent increase (175%) in Glu-C4 enrichment reflected in (A). BHB, b-hydroxybutyrate; GABA, gamma-aminobutyrate; Gln, glutamine; Glu, glutamate; V AcCoA-kbN , rate of acetyl-CoA oxidation from ketone bodies in neurons.
during depolarization is supported by glucose 25 but not BHB. 26 These results, in combination with our in vivo findings, support a potential role for glucose in glutamatergic neurotransmission that cannot be replaced by ketone bodies.
Comparison to Previous Studies of Awake and Anesthetized Rats Our finding that BHB supported a decreasing fraction of cortical neuronal oxidation with increasing neural activity is supported by previous studies of awake and anesthetized hyperketonemic rats. In awake rats fasted for 2 days ([BHB] plasma E1.62 mM) brain consumption of ketone bodies (BHB and acetoacetate (AcAc)) measured by arteriovenous differences accounted for 13.4% of total oxidation. An autoradiography study of 2-day fasted awake rats ([BHB] plasma ¼ 1.27 mM) using 3-[ 14 C]BHB 27 found a rate of B0.05 to 0.06 mmol/g per minute for the combined frontal/parietal cortex. In the awake hyperketonemic rats ([BHB] plasma ¼ 9.1 mM) of our study, the sum of neuronal and astroglial ketone oxidation, V AcCoA-kb(N þ A), accounted for B33% of total acetyl-CoA oxidation.
Assuming the rate of ketone oxidation scales proportionately with plasma BHB concentration, V AcCoA-kb(N þ A) would be 0.06 to 0.12 mmol/g per minute (or E4% to 8% of acetyl-CoA oxidation) for [BHB] plasma of 1 to 2 mM, which is in reasonable agreement with prior studies. In contrast to awake rats, studies of barbiturate anesthetized and hyperketonemic (48-hour fast) adult rats consistently found higher ketone body contributions to total brain substrate oxidation, with values of 18% and 29% of total oxidation for [BHB] plasma of 0.64 mM and 2 mM, respectively. 28, 29 In a study that compared 24-hour and 48-hour fasted rats under PB anesthesia, including an acute infusion of DL-BHB in 24-hour fasted rats ([BHB] plasma ¼ 0.83, 2.05, and 5.52 mM, respectively), Ruderman et al 30 found that ketone bodies accounted for 28%, 33%, and 68% respectively of total acetyl-CoA oxidation. For the halothaneanesthetized rats in the present study ([BHB] plasma ¼ 6.6 mM), 48% of acetyl-CoA oxidation was fueled by ketone bodies, which is in reasonable agreement with the above studies.
Neuroenergetics of Glutamate Neurotransmission During Hyperketonemia
Our findings strongly suggest that the neuronal TCA cycle in isoelectric cortex was fully supported by ketone bodies in the hyperketonemic rats at the blood BHB level of B12 mM, despite their euglycemic state. This finding indicates that ketone bodies as fuels can provide complete energetic support of basal (nonsignaling) processes in neurons when available in sufficient concentration. At the higher activity level (awake condition), ketone body oxidation was submaximal at the plasma levels achieved in our initial measurements (9.1 mM), but rate saturation was observed for [BHB] plasma 417 mM, accounting for B62% of V tcaN (Figure 6 ), or B59% of total substrate oxidation of neurons and astrocytes. Significantly, the peak rate of ketone body utilization, 1.75 Â V AcCoA-kb(N þ A) /2 ¼ 0.47 mmol/g per minute, is approximately one-third of the V max -like activity of BHB dehydrogenase (B1.2 to 1.4 mmol/g per minute after correction to a physiologic temperature of 37 1C from 25 1C assuming Q 10 ¼ 2), the least enzymatically active of the three pathway enzymes supporting ketone body oxidation, [31] [32] [33] [34] as measured in rat cortex homogenate in vitro. 31 Because brain AcAc concentration determines the rate of ketone body oxidation, 31 and brain BHB levels at the rate saturation of B1.7 mM ( Figure 5 ) were comparable with the in vitro K m of BHB dehydrogenase for BHB (B2 mM), 35, 36 the saturation of this rate is not readily explained, but compartmentation and mitochondrial transport, or physiologic concentrations of cofactors (e.g., NAD þ (nicotinamide adenine dinucleotide)) might be involved. Interestingly, the estimated maximum rate of ketone body oxidation in the awake rat cortex of B59% is similar to the global average of 58% to 60% measured by arteriovenous difference under conscious sedation in three obese subjects after 38 to 41 days of starvation, 37 extreme adaptive conditions where transport is not likely to be limiting for brain ketone consumption.
Implications of Ketone body Oxidation for Models of Neuroenergetics Involving Glucose
The maximum rate of ketone body oxidation by the brain provides a test of certain bioenergetics models of glutamatergic neurotransmission involving glucose metabolism. By fueling cortical energy needs with ketone bodies to the maximum extent possible, neuronal processes not strictly dependent on glucose oxidation were effectively removed, giving the relationship between DV pdhN and DV cyc that could be compared with model predictions. This is possible only under the saturating hyperketonemic conditions, a distinction not apparent under non-fasted or glucose-infused conditions where V pdhN EV tcaN . Different mechanistic models have been proposed to explain the experimentally observed relationship between DV tcaN and DV cyc including one that couples astroglial glycolytic ATP to extracellular Glu/Na þ uptake and Gln synthesis, 10 and another that relates elements of the malate-Asp shuttle in neurons to formation of neurotransmitter Glu from Gln via Gln-Glu cycling. 25, 26, 38 In the models involving obligatory coupling of glial glycolysis (and transfer of the lactate produced by glycolysis to the neurons), the predicted relationship between DV pdhN and DV cyc ranges from 1:1 to 2:1, depending on whether Gln synthesis also requires glycolytic ATP, or the extent to which glial glucose oxidation is altered by activity. 39 An alternative model of Glu neurotransmitter synthesis from astroglial Gln was described in Hertz et al, 38 and more recently by Lund et al, 26 which would produce a flux ratio of 1:1 between DV pdhN and DV cyc (i.e., 0.5:1 between neuronal glucose oxidation and glutamate cycling). In this model the synthesis of neurotransmitter Glu from Gln is indirect, with mitochondrial formation of a-KG from Gln (deamidation by glutaminase in the mitochondrial membrane, Glu entry into the mitochondrial matrix by exchange with Asp, and transamination to a-KG), efflux of a-KG to cytoplasm in exchange with malate, and transamination of a-KG back to Glu. Because the transfer of reducing equivalents to mitochondria via malate is stoichiometrically related to the formation of NADH from glucose (1 glucose: 2 pyruvate: 2 NADH: 2 malate), one transmitter Glu produced from Gln will correlate with the flow of one reducing equivalent per pyruvate molecule produced from glucose, leading to a relationship between DV pdhN and DV cyc of 1:1 in the nerve terminal. This ratio would be B1.2-to-1 if astrocytic de novo Glu synthesis (B15-30% of V cyc ) replaces Glu oxidized in neurons. Notably, under saturating conditions of ketone use, glucose need only provide one molecule of pyruvate for de novo synthesis of one molecule of Glu (ketone bodies can provide the acetyl-CoA) and one molecule of NADH (malate) for exchange-mediated efflux of a-KG from mitochondrial matrix to cytoplasm for Glu synthesis, giving a ratio of 1:1 between DV pdhN and DV cyc . Thus, in this model the flux ratio as it relates to neurons would reflect glucose metabolic support (in the form of reducing equivalents from malate) of Glu transmitter synthesis/release involving a 'pseudo' malate-Asp shuttle mechanism, 38 which would not be involved in the oxidation of ketone bodies. An important role for neuronal glycolysis as a source of the reducing equivalents is supported by our recent findings of significant activity-dependent glucose phosphorylation in nerve terminals in vivo. 40 For the awake rat cortex oxidizing ketone bodies at the maximum (saturating) rate of B0.7 mmol/g per minute, V pdhN would be 1.12 À 0.70 ¼ 0.42 mmol/g per minute. With V cyc ¼ 0.55 mmol/g per minute, V pdhN :V cyc B0.76:1, which is lower than the 2:1 ratio found between DV tcaN and DV cyc , reflecting the substantial contribution of BHB to total neuronal metabolism under saturating conditions. Because total glucose utilization was not measured in the present study, we cannot say whether the reduction in V pdhN with increasing V AcCoA-kbN corresponded to reduced or unchanged glucose utilization (e.g., net lactate formation followed by efflux). Reduced brain glucose utilization and increased lactate efflux is seen during prolonged fasting-induced hyperketonemia in humans 32 and rats, 27 suggesting that a larger glycolytic component than we estimate based on pyruvate oxidation during maximum ketone use, cannot be fully excluded.
Other Considerations and Limitations of the Study
An important issue addressed in our study concerns the maximum extent to which ketone bodies can be oxidized in cortex of awake rats when V AcCoA-kbN is limited by neural metabolism, rather than transport. The enhancement of the fraction of energy metabolism supported by ketone bodies under anesthesia was noted originally by Hawkins et al 28 in studies of starved rats under deep PB anesthesia, and attributed to the constant (transport limited) supply of ketone bodies in the presence of an excess supply of glucose. However, the maximum extent of ketone body oxidation in the absence of supply limitation was not determined. Clearly BHB availability was not limiting under isoelectricity in the present study, because the minimum estimate of V AcCoA-kbN was similar to the value of V tcaN for the y-intercept (where V cyc ¼ 0) of the plot of V tcaN versus V cyc for glucose-fed rats ( Figure 4A ), indicating that ketone bodies at the corresponding blood levels had met neuronal energy demand. We next measured the dependence of cortical amino acid 13 C labeling on blood BHB concentration in awake rats, finding that 13 C labeling reached saturation (and a maximum rate) with a rate B75% higher than seen at the lower blood BHB level (9.1 mM), while brain BHB levels continued to rise linearly ( Figures 5A-C) . Because the halothane group was measured under non-saturating conditions of plasma BHB concentration, the data for this group is less informative, providing only a lower limit to ketone oxidation for this state of neural activity. However, a linear extrapolation of the value of V AcCoA-kbN between the isoelectric and awake conditions conducted with saturating levels of blood BHB suggests that this rate would be B30% higher than the value reported at the plasma BHB of 6.6 mM (Figure 4 ).
Our present findings on the metabolism of glucose during hyperketonemia pertains only to oxidation, and not to total uptake which may exceed oxidation with release of lactate. Brain lactate efflux to blood was reported during acute infusions of ketone bodies in anesthetized rats, 28 indicating that glycolysis may continue at or near its pre-hyperketonemic rate. Interestingly, however, brain lactate levels were unchanged during acute BHB infusion in our study, suggesting that compensatory downregulation of glucose metabolism might have occurred, or alternatively that lactate was lost by rapid diffusion and efflux to blood. Measurements of total glucose consumption will be needed to resolve this important question. Although our study was focused on neurons, anesthesia was seen to reduce TCA cycle rates in both neurons and astrocytes (Table 3 ), suggesting also that large differences might exist between cell types in ketone oxidation, although standard deviations were too large to conclude this. As our measurements lacked specificity and sensitivity toward astroglial oxidation, further studies using astroglial pathway-specific substrates and/or isotopomers will be needed to address this issue.
In this study different methods of measurement and analysis were employed to estimate metabolic rates in the three experimental groups, which increases the possibility of bias. For example, no 13 C time course was obtained for the PB-isoelectricity group, so that V acCoA-kbN had to be obtained in a different way (using equations (1) and (2)) than in the other two groups, and V pdhN could not be determined independently in that group. Another difference is that the halothane group was measured in vivo, whereas the other groups were measured ex vivo. Although there are reasons for these experimental differences, we acknowledge that such differences are all potential sources of bias between groups when performing complex metabolic modeling.
CONCLUSIONS
We have shown that during hyperketonemia at sufficiently high plasma BHB levels, ketone bodies can support most, if not all, of basal (non-signaling) neuronal oxidative metabolism at isoelectricity despite euglycemic levels of blood glucose. In awake rats saturation of ketone body oxidation was seen for blood plasma levels 417 mM, whereas brain levels continued to rise. For saturating rate conditions, acetyl-CoA oxidation from ketone bodies accounted for B62% of neuronal TCA cycle flux, the remaining 38% contributed by glucose. The large contribution of ketone bodies to TCA cycle flux in neurons places testable limits on models of neuroenergetics which propose glucose metabolism as an integral part of the mechanism of glutamatergic/GABAergic neurotransmission. 8, 26, 38 
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